The dynamic response of large scale concrete buildings submitted to an explosion cannot always be obtained by means of classical FE analysis codes at reasonable costs. Indeed, the precision level required to predict efficiently the local failure of structural elements needs very fine meshes, which rapidly becomes unaffordable especially in the case of dynamics.
GENERAL INTRODUCTION
IRSN has been leading for few years a study program concerning a sample of installations representative of the largest part of those constituting the nuclear French industry facilities. The goal of this program is to determine the consequences of malevolent acts against these facilities. In this context, tools are in particular developed in order to evaluate in a simple and efficient way the damage caused to an installation due to one or even several explosions.
The process in this project consists in focusing on one building in a facility after the other. Are considered all the aggression scenarios possible with explosive charges, the behaviour of the structure is evaluated in order to finally define the limit of failure for the building. This paper is focused on buildings divided into many compartments and thus containing many division walls as can be found in some French nuclear facilities. In our study presented herein, we only consider aggressions occurring from the outside of the building at a distance, by means of classical explosive chargestypically in the order of several hundreds of kilograms of TNT equivalent. Parametric studies must be conducted in which the varying parameters are the explosive charge mass, the aggression point localization -particularly the distance to the building external wallstaken among a large set of values. The final goal of the study is to determine whether the whole structure or a part of it resists or collapses facing a given aggression, inducing the immediate loss of the systems it contains.
For each sample of parameter values -explosive charge mass, aggression point location -the problem needs to treat on one hand the propagation of the explosive shock in the air and on the other hand the mechanical consequences of its impact on the building structure. The structural response has to be determined in order to establish whether the conditions on stresses conducting to failure are reached locally or not.
APPROACH INTRODUCTION
In the case of an existing building, numerical simulation is the only way to treat the problem. The classical approach for such a treatment consists into two different phases. The first phase is only dealing with the study of the explosive charge detonation and the formation of the explosive front shock and its propagation in the air. Simulation of that kind of phenomena generally needs the use of euler finite difference codes. The whole space where the explosion and associated phenomena develop has to be meshed. The external boundaries of this domain are the building external walls and the ground surface. In such a case one has to consider a very large volume as compared to the local characteristic dimensions of the shock wave. Indeed it is important to notice that for a correct representation of the discontinuity induced by the presence of a shock front a very fine mesh is generally required. As a consequence in 3D, this leads to computations with a large number of degrees of freedom that can become rapidly very costly. Nevertheless the goal of this first phase is to obtain the time evolution of the pressure field applied as boundary conditions for the structure computation, having considered until now the target structure as rigid. The second phase of a classical approach is dedicated to the determination of the dynamical response of the structure from which the maximal stresses locally reached during the movement can be obtained. The time dependent loading determined at the end of the first phase is applied to the structure. The structure is modelled by a finite element technique (plate or shell elements for the walls of the building) and the numerical problem associated is solved by means of a lagrange explicit dynamics code. For the whole building, which can possess an important number of division walls, a large number of degrees of freedom model is necessary to guarantee precise and reliable results. This fact implies again the costly resolution of very large numerical problems.
Some explicit dynamics codes allow both lagrange and euler computations. This also permits to treat globally the whole two phase problem as a unique euler-lagrange coupled problem (Buzeaud, 2001 , Sibeaud, 2000 . However the use of such a functionality is not so common today and appears also costly. It is generally used for reduced dimensions models or simple cases. Another way to treat that type of computations is to couple two separate codes: one is a classical euler code and the other a classical lagrange one (see Autrusson et al. (2002) for instance). The coupling between them requires the development of an interface to transfer the results from the first one to the second.
All these methods are not fast enough nor flexible enough to treat in an exhaustive way a parametric study as required by the work program detailed previously. For all these reasons, development of simplified approaches specifically adapted to the kind of building concerned herein seems really necessary.
The approach presented in this paper relies on the analysis and the separation of the physical phenomena. We separate (1) the explosive shock formation and its propagation phase from (2) the impact of the shock on the external wall facing the explosive charge and from (3) the propagation of the shock inside the structure (see Fig. 1 ). Each of these three phenomena is studied separately by means of analytical approaches.
(1) The loading of the structure that results from the detonation of an explosive charge is modelled by semi-empirical formulas taken from literature (Kinney and Graham, 1985, Baker et al., 1983) . This allows to describe the impact and the defilading of the shock wave along the external wall. One obtains the values of the pressure field in each point of the impacted wall at any time. (2) The study of the directly impacted wall is realized in the most precise way because this part of the structure is in general the place where most damage occurs. The method proposed consists in a virtual decomposition of the wall in elementary plates. Each plate is treated independently by a dynamic resolution after projection on a reduced modal basis. The maximal stress reached is obtained and compared to the resistance limit of the constituting material. (3) Transmission of the shock inside the structure through longitudinal walls and floors is taken into account by means of a 1D model. The response of transverse walls after the shock has passed is examined, and also the weakening of the shock intensity due to damping.
In the following, we present the details about the three points of the approach. We illustrate with a synthesis example of a building attacked from its side. Typical results that can be obtained by the approach are presented.
LOADING INDUCED BY THE DETONATION OF AN EXPLOSIVE CHARGE
The pressure profile of a blast wave as observed at a point distant from the center of an explosion is known to be similar to the profile observed at any other distant point. This typical profile is depicted on Fig. 2 . This graph shows time in X-coordinate, the origin being taken at the time when the explosive charge is started, and pressure in Ycoordinate, where p atm is the atmospheric pressure value.
(1) (2) (3) Fig. 1 Kinney and Graham (1985) . These formulas have been determined by fitting on experimental data. The positive duration is also an experimental parameter and we use the data from Baker et al. (1983) in our computations. Once these three parameters are known, the two remaining ones can be obtained by means of theoretical formulas. The wave form parameter is computed so that the integration of the curve corresponding to the positive part of the pressure evolution corresponds to the impulse value. This requires the solution of a non linear equation for any point considered (see Kinney and Graham (1985) ). The arrival time formula is based on theoretical results concerning the propagation of a shock front in a perfect gas -current approximation for air -(see also Kinney and Graham (1985) ). 
where H is the Heaviside step function. Each of the five parameters it depends on are related to the location of the point considered and more particularly its reduced distance to the explosive charge center. The evolution curves we use in our study for these parameters are shown on Fig. 3 . Fig. 3 . Pressure profile parameters evolution curves.
The pressure considered so far refers to measurements made without introducing any obstacles. When the shock front comes to impact a structure the pressure applied to the latter is more important due to the reflection of the shock on the structure. The pressure applied can be approximated theoretically considering the reflection of a shock wave in a perfect gas against an absolutely rigid solid obstacle. This leads to the relation between the reflected pressure p r (t,Z) and the obstacle-free pressure p(t,Z) expressed by the following formula:
This formula combined with the previous expression for p (t,Z) gives the pressure field expression we use to define the loading at any point of the structure we study in the following.
IMPACT OF THE SHOCK ON EXTERNAL WALLS

Assumptions on the external wall impacted
In this study, the buildings we take into account are assumed to be parallelepipeds or at least to have rectangular external walls -that is the most common case concerning the buildings in nuclear facilities. The presence of openings, doors or windows, is neglected. As represented on Fig. 1 these external walls are connected to floors and internal division walls. These are oriented in a longitudinal direction in reference to the propagation direction of the shock to the structure. So these longitudinal parts are merely excited in tension mode by the impact of explosive shock wave whereas the external wall is excited in bending mode.
So for the study of this external wall only, our first assumption is to neglect the tension effects in longitudinal walls in comparison with the bending effects on the transverse external wall. So the external wall can be considered like simply supported by the longitudinal walls "under".
The second assumption we make consists in splitting this external wall in several independent plates. The guiding lines of this virtual cutting up are drawn by the connections with the longitudinal walls and floors (see Fig. 4 ). The boundary conditions of each independent plate is deduced from the original ones when they exist -clamped in the ground for instance, free, etc. In any other case, connections between two plates are replaced by a simply supported edge condition or a clamped boundary condition. Only the latter guarantees we are in the least favorable situation in terms of damage caused to the plate -assuming like in many cases that major stresses are to be found near the boundaries.
Modal projection approach for the determination of a plate dynamic response
We consider the Kirchhoff-Love's thin plate theory to establish the movement equation of every independent plate considered. The characteristic equation of movement represents dynamic equilibrium conditions in regards to external forces and the constitutive material relation -taken as isotropic elastic linear -and is expressed for every point of the geometrical domain covered by the plate. In terms of outof-plane displacement z u , this equation can be written in the following form:
where ρ is the density of the plate, h its thickness, p r the reflected pressure field depending on time and point location and D defined by
where E is the Young's modulus and ν the Poisson's ratio of the constitutive material of the plate. ∆ is the 2D laplacian operator also expressed by
Every point in the plane geometrical domain of the plate is located by its X and Y-coordinate, Z-axis being normal to the medium plane. Boundary and initial conditions come to complete the definition of the dynamic problem.
Considering a plate and its boundary conditions, one can identify its free vibration modes, the set of which is called the modal basis. All the eigenfunctions constituting the basis are admissible, i.e. these functions respect all the boundary conditions. A modal basis elementary function, named p ϕ for the p-th mode and its corresponding pulsation p ω , also verifies the following associated homogeneous equation on the whole domain:
In addition, the modal basis eigenfunctions are orthogonal to one another in regards to the following scalar product:
where Σ represents the geometrical domain covered by the plate and ) ( A Σ the area of the domain.
The principle of the modal projection approach relies on searching a solution to a forced dynamics problem as a linear combination of the modal basis functions. So that the solution obtained is automatically admissible in terms of boundary conditions and only has to verify the characteristic equation (eq. 4) shown previously.
The unknown displacement field z u is written as a linear combination of modal basis functions:
where p ϕ is the p-th mode of the plate, and N the number of modes taken into account. So the unknowns after projection in the modal basis are the N time-dependant functions p q . Equation 4 is projected on the modal basis, and due to orthogonality of modal basis functions, one obtains N independent equations each one concerning one unknown p q :
Summary
The modal projection approach requires first the determination of the eigenmodes of the plate considered, in second the projection of the loading p r on the modal basis, and in third the resolution of every second order differential equation thus obtained by a numerical time integration. Then the final result has to be expressed via the expression given by eq. 9. In our approach practically, the modal basis is determined in an analytical way using products of beam eigenmodes to generate the functions finally obtained by the Ritz method as described for instance in Young (1950) . This method allows to consider any uniform boundary condition.
Once the time-space depending solution u z is obtained, we deduce the local stresses using analytical Kirchhoff-Love's theory formulas: From this finally, one can compute analytically again an equivalent Von Mises stress at any point that is compared to the yield criterion of the constitutive material.
TRANSMISSION OF THE SHOCK INSIDE THE STRUCTURE
The phenomenon of transmission of shock inside the structure is studied apart from other phenomena in a very simplified way. The goal here is to obtain qualitative but also approximate quantitative information on the possibility for destroying the inside of the building from the outside. The main objective is the evaluation of the energy loss for the shock in its way inside the building due to the presence of natural material damping. For concrete structures the damping factor is classically taken equal to about 0.01.
Inside the building, we distinguish the walls parallel to the front shock propagation direction, from those which are orthogonal to that direction: the first ones are addressed to as longitudinal parts of the structure, whereas the seconds as the transverse parts of the structure (see Fig. 5 ).
Propagation along longitudinal walls is modelled only as a 1D phenomena. This choice has been made considering that the main interest for this part of the study is the decreasing of the shock intensity only in the propagation direction. So we define an equivalent beam (see Fig. 5 ) representing longitudinal floors and walls. This beam is governed by the classical dynamics equations on tension unknowns and modelled by 1D finite element approach. The elements considered are linear. The discrete problem thus obtained is of the following form:
where M, C and K are respectively the discrete mass, damping and stiffness operators and U is the finite dimension vector of nodal displacement unknowns. Damping is introduced by the use of an elastic viscous Kelvin-Voigt model as a constitutive relation:
where σ and ε are respectively the 1D stress and deformation, E is the Young's modulus and η the viscous parameter. The choice for a Kelvin-Voigt constitutive model implies for 1D finite elements that the finite element operator C associated is directly proportional to the mass matrix M. As a consequence, the dynamic second order differential system of equations (eq. 12) respects the proportional damping hypothesis, i.e. that every modal operator -mass, stiffness or damping -is purely diagonal. We use this property to determine η in order to ensure a 0.01 damping factor on the first mode in tension. F is the external force vector taking into account the impact type force at the end of the beam due to the blast shock wave. We have to mention there that in this 1D case all parameters defining the shock profile (see paragraph 1) have to be taken uniform. This means that this part of the study is certainly the more precise the further fields for explosion. The goal of this part is not only to assess the damage caused to longitudinal parts of the structure but also to transverse walls. On that point, one has to know if the shock transmitted up to a given wall produces an excitation of amplitude such that this wall could collapse or not. Transverse walls are introduced in the model by adding springmass systems to the original 1D beam (see Fig. 5 ). These additional components are taken into account in the discrete FE dynamic system. The spring-mass system are tuned in order to represent the dynamic contribution of a transverse wall only in terms of flexural deflection. In addition, only the first mode of a simply supported plate is represented. This choice has been made with reference to Baker et al. (1983) in which simplified analysis for structures submitted to blast loading are conducted using only the first vibration mode, thus treating a single-degree-of-freedom problem. This approach seems also widely adapted to our case where every transverse wall is solicited globally by an acceleration on its boundary induced by the passing of the shock wave in the longitudinal structure.
The m t parameter is taken in order to represent the first mode mass fraction for the simply supported plate considered, and k t is adjusted so that 1 t t m k ω = (eq. 14)
where 1 ω is the pulsation associated to the first vibration mode of the simply supported plate considered. The resistance of transverse walls is determined by comparison between the maximum stress reached for the plate on its first mode and the yield stress of the constitutive material. 
SYNTHESIS EXAMPLE
Building description and attack configuration
The building we consider is representative of the kind that concerns this study, described in introduction. This building is depicted on Fig. 6 : its length equals L, width and height are 0.5xL and 0.4xL respectively. This is a four storied building having eight rooms on each level, made of concrete. External walls are 0.016xL thick, whereas the internal ones are 0.01xL thick. It has to be noticed that for simplification, doors and windows have been omitted. Walls are homogenous and follow an elastic linear behavior with E = 30 GPa for Young's modulus and ν = 0.16 for Poisson's ratio, density value is ρ = 2300 kg/m 3 . Concrete reinforcements are neglected but we have considered that a wall or a part of it is locally ruined only if its compression limit stress YC σ = 30
MPa is exceeded. This can be interpreted in physical terms: when the tensile limit stress of concrete is exceeded, steel reinforcements are supposed to maintain the cohesion of the wall whereas when the compressive limit stress is exceeded concrete fails and the whole material, including steel reinforcements, looses its integrity. The building is attacked by a blast wave generated by an explosive charge located on the east side of the building (see Fig. 6 ). The distance to the building external wall, d, is a parameter of the study.
External east wall study
Every plate constituting the east oriented external wall is studied apart from the other (as described on Fig. 4) . In every case, the explosive charge center is positioned facing a plate's geometrical center.
Let us consider one of these plates located on the bottom-left corner of the east side of the building, which dimensions are 10 m long and 5 m high, clamped on its bottom horizontal edge and simply supported on the others. The elastic dynamic response of the plate is obtained by the approach presented on paragraph 2.2. A simple test has been conducted, with a several hundred kilograms TNT equivalent blast charge facing the center at a distance of 10 m, in order to indicate the minimum number of modes which have to be taken into account to ensure a correct estimation of the maximal stress reached. Results of this test are gathered in Table 1 and on Fig. 7 , and show that about 20 modes in the range [93 Hz ; 900 Hz] already lead to a correct estimation of the maximal stress. The upper bound frequency for this test corresponds to the first mode frequency in tension in the thickness of the plate, this deformation being neglected in classical Kirchhoff-Love's plate theory:
where T c is the elastic tension wave celerity which is 3611 m/s in our case, and h the thickness of the plate.
Once the modal analysis parameters are established, the plate is studied for varying blast charges at different distances. The results of this study are synthesized on the graph depicted on Fig. 8 . On this graph, every point represents a simulation conducted for a given explosive mass and distance to the wall. Depending on the value reached by the maximum stress among time -located on the clamped edge in any case -the wall is considered as resistant when the stress remains under the tension resistance of concrete (points represented by circles), locally cracked when it passes this value and remains under the compression resistance (points represented by triangles) and collapsed when the latter is exceeded (points represented by a star). According to these computations, the frontiers between the three different resistance domains can be determined. One is the cracking limit region and the other represents the region of major damage, meaning that a possible collapse of the wall can occur for mass and distance chosen in this area. In terms of safety for the building, the graph can lead to the following conclusion: if a threat limit is defined in terms of blast charge mass, the distance under which such a threat could cause damage to the building can be determined immediately. The key-point of this parametric study, involving many different computations for only one wall of one side of the building, is that it can be conducted quickly and efficiently thanks to the simplified and analytical approaches used here. Such a number of data points could not be obtained in a cheap manner using only an experimental approach.
For that reason, the study conducted for one wall can be easily extended to the others. The limitation concerning the threat is identical for every wall. Figure 9 represents the results obtained in terms of "forbidden region" corresponding to the given threat. On this Figure, for each wall constituting the east side of the building, the distance under which the given blast charge can cause severe damage has been represented. The most sensitive wall is the one situated on the bottom left corner of this side of the building, studied in details previously. Assessing the safety of the building for the kind of threat considered herein, one could visualize the region that has to be specifically protected. It has to be noticed that if the threat is re-evaluated for any reason, constituting a data basis of diagrams such as the one represented on Fig. 8 allows to determine new safety regions in very fast way. These diagrams obtained in a fast and easy way by a numerical campaign, for a large range of blast charges at various distances from the wall, constitute the elementary bricks of a work database that could be used to assess the safety of the building against external aggressions with explosive charges.
Consequences of shock propagation through walls and floors
Shock propagation consecutive to an attack by explosive charge on the east side of the building is modeled and studied following the 1D approach presented in section 3. All material characteristics and dimensions correspond to those described in section 4.1. Along its propagation through the building from the east side to the west side, the shock wave encounters five transverse walls: the first and last are the external ones, in between which are three separation walls.
It has to be noticed that the dynamic model associated to every transverse wall relies on considering only its lowest frequency contribution. In addition, we consider it simply supported on its edges. Thus, due to this assumption, results will be valid away from ground and away from any clamped sections, which are known to generate local effects or singularities. Damping is introduced through a modal damping factor equal to 0.01. The actual mass of a wall is separated in two: 60 percent of this actual mass is considered as the modal masscorresponding to the mass contribution of the first mode for a simply supported plate -whereas the remaining 40 percent is considered as static, and is attached to the floor. As a test of the approach, we consider again a several hundred kilograms of TNT equivalent blast charge at a distance of 10 m from the east external wall of the building. Shock propagation is illustrated on Fig. 11 showing two different results: on top, we show the propagation of the velocity wave into the floors and longitudinal walls, ignoring the presence of transverse walls ; on bottom, the same case is illustrated but with the presence of transverse wall additional systems.
On the upper part of the Fig. 11 , we can check that a correct wave propagation velocity is obtained with the model, this velocity being theoretically equal to 3611 m/s, i.e. taking 13.8 ms to cross the building length distance. This graph also shows the intensity decrease of the shock wave along the building only due to structural damping in the floors and longitudinal walls. It has to be noticed that at the end of the 1D model an absorption condition has been imposed. This has been done in order to avoid the complexity of multiple reflections that are not taken into account by the model. Thus, we only focus on the simple way of a wave across the system. On the bottom graph one can observe the perturbations induced mainly by the oscillations of the first external wall impacted by the shock wave. Figure 12 shows the evolutions of the maximal Von Mises equivalent stress reached in the five transverse walls. The maximum stress reached in the front external wall directly impacted by the shock is said equal to "100 %". The decrease of intensity of that maximal stress as walls considered are far from the blast charge is also illustrated by the graph. Table 2 . Maximum Von Mises equivalent stress reached in every transverse wall. Table 2 summarizes the maximum stress values reached in every transverse wall. These figures show that the stress reached in internal walls are to be considered between 50 and 63 percent of the stress reached in the firstly impacted wall. It has to be mentioned that, in the case of the front external wall only, this stress widely underestimates the stress actually reached. This is due to the fact that this particular wall needs more than only one mode to guarantee a correct evaluation (see section 4.2 and Table 1 ). In addition, assumptions are different from the particular study of this external wall where it was partially clamped, while it is here simply supported on every edge. Nevertheless, focusing here on the following walls, the first mode approximation remains perfectly valid for them only excited by an actually smoother velocity wave on edges.
Concerning internal walls, Fig. 13 shows the maximum deflection evolutions: on this graph, one can notice that the maximum deflection, and also the maximum stress, are not reached during the first half of an oscillation but during the second. The physical interpretation of such a phenomenon is the following: a transverse wall is given a drag velocity by the boundaries after the passage of the shock wave, in the direction of propagation ; then it starts to oscillate at its natural frequency, and then goes in the opposite direction ; the maximum stress is reached then during this way back as it can be seen on the graph on Fig. 13 .
According to the type of results obtained, one could lead the same study as presented in section 4.1 with varying explosive mass and distance, and define critical regions such as the one depicted on Fig. 9 . It has to be noticed that the region thus defined would be totally included in the one presented on Fig. 9 . The choice for a safety region then relies on the importance of control functions possibly lost consequently upon the collapse of internal or external walls.
CONCLUSION
An approach to study large scale storied building has been presented. This approach relies on the separation of the phenomena between explosive shock wave propagation in air, impact on external walls and propagation of the shock inside the building.
We have described the analytical formulas taken from the literature to model the blast wave. The external wall study, conducted by means of a decomposed modal projection approach relying on analytical solutions for thin plates, has been exposed. Lastly, has been detailed the numerical finite element approach developed to treat the simplified 1D problem of propagation through longitudinal walls and floors across the building.
Results have been presented first in terms of mechanical parameters evolutions. Then we have shown how typical graphs are obtained and how one might possibly use them to establish "forbidden regions" around a building for a given threat. These "forbidden regions" may be established considering internal or external consequences, due to the fact that models exist for both external and internal propagation of the shock wave. This is now to be extended to take into account more representative models of the structure, non linear model associated to reinforced concrete in particular. It has to be noticed that such models do not imply the modification of the global approach used herein. These further developments will be conducted using large scale explicit dynamics numerical codes. Concerning the blast wave propagation, an improvement is planned in order to take into account the eventual reflections on other buildings around the target one. Fig. 12 . Dimensionless maximum Von Mises equivalent stress evolution in transverse walls. Fig. 13 . Dimensionless maximum deflection evolution at the center of every transverse wall.
